Abstract: Historical information suggests the occurrence of an extensive human-caused contraction in the distribution range of wolves ( Canis lupus ) during the last few centuries in Europe. Wolves disappeared from the Alps in the 1920s, and thereafter continued to decline in peninsular Italy until the 1970s, when approximately 100 individuals survived, isolated in the central Apennines. In this study we performed a coalescent analysis of multilocus DNA markers to infer patterns and timing of historical population changes in wolves surviving in the Apennines. This population showed a unique mitochondrial DNA control-region haplotype, the absence of private alleles and lower heterozygosity at microsatellite loci, as compared to other wolf populations. Multivariate, clustering and Bayesian assignment procedures consistently assigned all the wolf genotypes sampled in Italy to a single group, supporting their genetic distinction. Bottleneck tests showed evidences of population decline in the Italian wolves, but not in other populations. Results of a Bayesian coalescent model indicate that wolves in Italy underwent a 100-to 1000-fold population contraction over the past 2000-10 000 years. The population decline was stronger and longer in peninsular Italy than elsewhere in Europe, suggesting that wolves have apparently been genetically isolated for thousands of generations south of the Alps. Ice caps covering the Alps at the Last Glacial Maximum ( c . 18 000 years before present), and the wide expansion of the Po River, which cut the alluvial plains throughout the Holocene, might have provided effective geographical barriers to wolf dispersal. More recently, the admixture of Alpine and Apennine wolf populations could have been prevented by deforestation, which was already widespread in the fifteenth century in northern Italy. This study suggests that, despite the high potential rates of dispersal and gene flow, local wolf populations may not have mixed for long periods of time. 
Introduction
Wolves ( Canis lupus ) are highly adaptable and widely distributed in ecosystems ranging from Arctic tundra to Arabian deserts in the Old and New World (Mech 1970) . Field observations and population and genetic studies indicate that wolves may disperse rapidly over long distances, either by recurrent post-reproductive dispersal or during waves of population expansion (Fritts 1993; Forbes & Boyd 1996; Walton et al . 2001) . Expanding wolf populations have rapidly recolonized suitable areas of their historical range in North America and Europe, and occasional events of long-distance colonization have been described (Forbes & Boyd 1996; Wabakken et al . 2001; Lucchini et al . 2002; Flagstad et al . 2003; Valière et al . 2003) . Cycles of demographic contraction/expansion in the late Pleistocene and extensive historical gene flow apparently led to widespread admixture of wolf populations worldwide. Hence, wolves in North America and Europe do not show any large-scale phylogeographical structure, suggesting that, before the recent human-caused population fragmentation, wolves were not geographically differentiated Randi et al . 2000) .
However, historical processes and current population dynamics might be more complex than previously suggested (Leonard et al . 2000; Carmichael et al . 2001) , and phylogeographical inference from contemporary genetic data may not reflect the complexity of historical processes (Barnes et al . 2002) . Permanent physiographic traits or anthropogenic habitat fragmentation may limit individual dispersal and gene flow. Wolves do not expand in agricultural landscapes, which, in contrast, are commonly used by other canids, like coyotes in North America and jackals in Eurasia (Wayne et al . 1992) . Wolves developed either strictly territorial or migratory behaviours in western Canada, adapting to the behaviour of their prevalent prey, the moose or the caribou (Carmichael et al . 2001) . Adaptations to prey availability apparently constrained the patterns of gene flow, thus driving to population patchiness and genetic differentiation (Carmichael et al . 2001) .
Wolves were presumably widespread almost everywhere in Eurasia throughout the Holocene (Boitani 1999) . Human persecution, deforestation and the decrease of natural prey led wolf populations to decline in Europe during the last centuries (Delibes 1990) . Large populations survived in the Balkans and eastern Europe, while the species was eradicated in central Europe and Scandinavia, and survived only in fragmented populations in the Iberian and Italian peninsulas. Wolves disappeared from the Alps in the 1920s and drastically declined in Italy in the two decades after World War II. By 1973 there were approximately 100 individuals surviving, isolated in the central Apennines (Zimen & Boitani 1975) . Legal protection and the expansion of natural prey populations contributed to check the wolf's decline, and a census in 1983 suggested the presence of about 220 wolves (Boitani 1984) . Thereafter, wolves expanded rapidly along the Apennine ridge, recolonizing the Western Italian and French Alps in 1992 (Breitenmoser 1998; Lucchini et al . 2002; Valière et al . 2003) (Fig. 1) . Ciucci & Boitani (1991) estimated an annual population increase of 7% from 1973 to 1988, leading them to argue that wolves in Italy should now number about 600 individuals.
Wolves in Italy have distinctive genetic traits showing one unique mitochondrial DNA control-region (mtDNA CR) haplotype and microsatellite allele frequencies that are sharply different from any other wolf population and dog breed typed so far (Randi et al . 2000; . Random drift might have fixed one mtDNA haplotype, assuming that the declining and isolated Italian wolf population persisted at a very low effective size during the last century (Randi et al . 2000) . However, the mtDNA genome behaves as a single gene, which tracks the outcome of a single (stochastic) coalescent process (Rosenberg & Nordborg 2002) . More reliable inferences on past population dynamics should be obtained using multiple independent genetic markers, and historical changes in effective population size can now be inferred from microsatellite allele frequency distributions (Wilson & Balding 1998) .
In this study we used a coalescent analysis of microsatellite data (Beaumont 1999) to infer the extent and timing of historical demographic changes in the Apennine wolves. We aimed to evaluate the likelihood of two alternative scenarios of genetic diversification of wolves in peninsular Italy, which might have been affected either by late Pleistocene/early Holocene natural landscape changes, or by the more recent human-mediated habitat transformations. The ice caps covering the Alps and the wide expansion of the Po River, which cut the alluvial plains throughout the Holocene, might have isolated wolves in central-southern Apennines since the Last Glacial Maximum ( c . 18 000 years before present). Alternatively, deforestation, which was already widespread in the fifteenth century in northern Italy, and direct human persecution, might have limited the rate of gene flow among wolves in the Apennines and any other population in Europe during the last few centuries. The results from this study are aimed to provide new information on the dynamics of the historical processes that shaped the genetic diversity of the wolf population surviving in peninsular Italy.
Materials and methods

Sample collection and DNA analyses
Wolf and dog samples, 383 in all, were obtained from 11 regions in Europe, Turkey, Israel and Saudi Arabia (Table 1) . Presumptive wolves were identified morphologically by collectors, mainly using coat colour traits. Wolf samples were obtained from found-dead, shot, or trapped wild-living individuals, except for some captive wolves sampled from Zoological Gardens in Spain and Saudi Arabia (thanks to Carles Vilà, Uppsala University, Sweden). As far as was known, captive wolves originated from wildliving Spanish or Arabian populations and were used in this study to compare the range of genotype diversity among samples collected from distant geographical areas, not to assess the local population structure. Estimates of genetic diversity obtained from small samples ( Turkey, Israel and Finland) should be evaluated with caution. Dogs were randomly sampled from 30 different breeds from veterinary practices, and included some free-living dogs, which were collected in the central Italian Apennines. Previously identified hybrid wolves were included in this study as reference genotypes for admixture analyses (Andersone et al . 2002; .
Samples were individually stored at − 20 ° C in 95% ethanol (tissues) or in a Tris/sodium dodecyl sulphate buffer (blood). Total DNA was extracted from tissues using a guanidinium-silica protocol (Gerloff et al . 1995) and from blood using a salting-out procedure (Miller et al . 1988) . The diagnostic mtDNA CR haplotype of Italian wolves was identified using laboratory protocols described by Randi et al . (2000) . All wolves and dogs were genotyped using a panel of 18 canine microsatellite loci, which were assigned to 16 different chromosomes (Neff et al . 1999) , as described by . DNA sequences and microsatellite alleles were analysed in an ABI 3100 automated sequencer, using the programs genescan 3.7 and genotyper 2.1 for microsatellites, and sequencing analysis 3.7 and ntnavigator for sequences. Andersone et al . (2002) , and Vilà et al . (2003) reported evidence of occasional wolf × dog cross-breeding in Italy and elsewhere in Europe. Wolves and dogs have distinct multilocus microsatellite genotypes and hybrids can be identified by assignment procedures Vilà et al . 2003) . In this study all the genotypes were screened using a Bayesian admixture procedure implemented in structure (Pritchard et al . 2000 ; http://pritch.bsd.uchicago.edu). structure was used (with 10 6 iterations, following a burn-in period of 30 000 iterations) to identify the number of genetically distinct clusters that maximize the likelihood of the data, and to assign the individuals to the clusters, using only genetic information (for details see: . Thirteen presumptive wolf-dog hybrids were identified, and eight samples were found that were labelled as wolves but that were genetically assigned to the dog population (see Results). All these samples were excluded, and 267 wolf and 95 dog samples were used for the following genetic analyses.
Admixture analyses and identification of the hybrids
Genetic diversity within and among populations
Commonly used summary population genetic statistics were computed for each locus and population using genetix 4.04 (Belkir et al . 1996 (Belkir et al . -2001 ; http://www.Universitymontp2.fr/ ∼ genetix/genetix.htm). To avoid using small sample sizes, the wolves from Greece ( n = 6) were pooled with those from Bulgaria ( n = 34), and the wolves from Turkey ( n = 4) were pooled with those from Israel ( n = 3). This should not blur the estimates of diversification among regions, because the allele frequency distributions of the pooled groups were not significantly different ( P > 0.05; Fisher's exact test; Goudet et al . 1996) . Allele numbers per locus and population were corrected for sample size variation, computing the allelic richness A C on a minimum of 19 individuals per sample, using fstat 2.9.1 (Goudet 1995 ; http://www.unil.ch/izea/softwares/ fstat.html). Moreover, 20 random subsamples were constructed, each one of 30 individuals, from the Italian wolf populations. Subsamples were used to estimate the expected heterozygosity H E in samples corresponding to the average size of the non-Italian wolves ( n = 29.4, computed using the wolves from Spain, Bulgaria + Greece, Croatia, Finland and Latvia, and excluding Turkey, Israel and the captive wolves from Saudi Arabia).
Deviations from Hardy-Weinberg equilibrium for each locus and population were assessed using a Markov chain method (Guo & Thompson 1992) implemented in genepop 3.2a (Raymond & Rousset 1995;  http://www.cefe.cnrsmop.fr). Deviations from allelic linkage equilibrium for all pairwise locus combinations were tested using the exact probability test in genepop . Critical levels in simultaneous tests of significance were adjusted using Hochberg's procedure (Legendre & Legendre 1998: p. 18) , as implemented in adjusted p -values (P. Legendre; http:// www.fas.umontreal.ca/biol/legendre). The probability of different individuals sharing by chance an identical genotype (probability of identity; Waits et al . 2001) , and the expected probability of identity among fullsibs, were estimated using the software prob -id 3 (G. Luikart unpublished results).
Population differentiation was assessed by Fisher's exact test, analogues of pairwise mean F ST (Weir & Cockerham 1984) , and analysis of molecular variance ( amova ; Michalakis & Excoffier 1996) , using arlequin 2.0b8 (Schneider et al . 2002 ; http://anthropologie.unige.ch/ arlequin). Patterns of differentiation were visualized by factorial correspondence analysis (Benzécri 1973 ) of individual multilocus scores computed using genetix . Various interindividual microsatellite genetic distances were computed using microsat 1.5d (Minch et al . 1997) , and clustered using the neighbour-joining procedure (Saitou & Nei 1987) as implemented in phylip 3.5c ( J. Felsenstein; http://evolution.genetics.washington.edu/ phylip.html).
Bottleneck analyses and inferences on past population dynamics
Population bottlenecks can produce distinctive genetic signatures in the distributions of allele size, expected heterozygosity and in the genealogy of microsatellite loci (Cornuet & Luikart 1996; Beaumont 1999; Garza & Williamson 2001) . In this study three different procedures have been used. The M -ratio test (Garza & Williamson 2001 ; http://www.pfeg.noaa.gov/tib/carlos.htm) was used to estimate the probability of the observed M -values, under the assumption of the two-phase mutation model (Di Rienzo et al . 1994) , with proportion of one-step mutations ps = 90% or 95%, average size of non one-step mutations ∆ g = 3.5, and θ = 4 N e µ (where N e = effective population size at equilibrium before the bottleneck; µ = mutation rate) equal to 5 or 10. Cornuet & Luikart's (1996) Wilcoxon's signed-ranks and mode-shift tests, as implemented in bottleneck 1.2.02 (Piry et al . 1999 ; http://www.ensam.inra.fr/ URLB), were used under the two-phase mutation model with 90% or 95% single-step mutations.
Evidence for historical demographic changes was inferred using the MSVAR procedure (Beaumont 1999 ; http:// www.rubic.rdg.ac.uk/ ∼ mab/software.html). Beaumont's model implements a Bayesian approach, where the data and the parameters are random variables that have some joint distribution that can be explicitly modelled. The prior distributions of the parameters and the conditional distributions of the data given the parameters allow estimation of the posterior distributions using Bayes theorem. MSVAR assumes a strict stepwise mutation model (Kimura & Ohta 1978) , and estimates the posterior probability distributions of the rate of population change r = N 0 /N 1 (where N 0 = current effective number of chromosomes; N 1 = number of chromosomes at the time of population decline or expansion), the time in generations when the population started to expand or decline tf = ta / N 0 ( ta = number of generations since the beginning of the expansion/decline), and the genetic parameter θ = 2 N 0 µ . The model assumes that the demographic parameters are identical across loci, while mutation rates are free to vary. Rectangular priors were assumed for the parameters, with limits of ( − 5, +5) for log 10 ( r ), log 10 ( tf ), and log 10 (θ), and performed the analyses for a linear model of population change. Stability of the estimates was evaluated by five independent replications of the Markov chain simulations for each population, with 20 000 thinned updates and a thinning interval of 10 000 steps, leading to a total number of 20 8 updates (as suggested by Beaumont 1999) . The first 10% of updates were discarded to avoid bias in parameter estimation at starting conditions. The remaining data were used to obtain the median (50%), and the lower (5%) and upper (95%) quantiles of the posterior distributions of the parameters. Consistency in shape of the posterior distributions from the individual runs was examined to evaluate convergence of the output values. In all bottleneck tests only 17 loci were used because one locus (CHP6) did not show a regular step-wise mutation pattern.
Estimating N e /N in Italian wolves
Census data suggested that the population size in the Italian wolf at the most recent bottleneck was approximately N = 100 individuals (Ciucci & Boitani 1991) . Demographic parameters of the Italian wolf population are unknown, and the effective population size N e cannot be estimated directly. Therefore, a measure of temporal changes in allele frequencies has been used (Waples 1989) . Genotypes sampled from the wolf population in central Italy (that is from the areas where wolves survived in the 1960s and from where they started to recolonize the Apennines) were grouped in two groups: (1) wolves which were born in 1988 -90 (n = 26); and (2) wolves which were born in 1994 -96 (n = 24). Wolves in (1) were, on average, 6 years older than the wolves in (2), that is, assuming that average generation time in wolves is 3 years, there were two generations between (2) and (1). All DNA samples used in these analyses were obtained from found-dead wolf bodies. Skulls are preserved at the INFS Museum, and the age of wolf samples was estimated from canine tooth sections (Ballard et al. 1995) . We have used two procedures. The first one, implemented in software tm3.1 (Berthier et al. 2002;  http://www.rubic.rdg.ac.uk/∼mab/software.html) is a coalescent approach which computes posterior distributions of N e assuming that allele frequencies were estimated from a closed population sampled at two time points, with time sufficiently short that mutations did not affect the observed frequencies. The second procedure, implemented in mcleeps1.1 (Anderson et al. 2000 ; http://www.stat. washington.edu/thompson/Genepi/Mcleeps.shtml) is a noncoalescent maximum-likelihood approach.
Results
Admixture analyses and identification of hybrids
All the 18 microsatellites were polymorphic in wolves and dogs, with the exception of five monomorphic loci in the small Saudi Arabian sample. The individual multilocus genotypes were unique, with values of probability of identity = 0.0, and probability of identity among full sibs = 4.3 × 10 −7 and 1.1 × 10 −9 in wolves and dogs, respectively. These genotypes were screened for hybridization using structure (performed with n = 383, 18 loci, using only genetic information), which showed that the highest posterior probability of the data was obtained by splitting the total sample into seven clusters ( The posterior probability of the data was maximum with K = 7 clusters. The table shows the proportion of membership (q i ) of each predefined sampled population in each of seven inferred clusters. Each population was assigned to a single cluster if its q i (i = I-VII) was ≥ 0.900, or to two or more clusters when the cumulative q i values were ≥ 0.900.
Table 2
Bayesian clustering analysis in the pooled wolf and dog samples (383 individuals, 18 loci, 11 sampled groups) performed using structure (Pritchard et al. 2000) were assigned to a single cluster (IV) with proportion of membership q IV = 0.941, and were distinct from wolves. Wolves sampled from Turkey, Spain, Greece, Italy and Saudi Arabia were also assigned to distinct single clusters (cluster II, VII, III, V and I, respectively), each group with q i ≥ 0.928. In contrast, wolves sampled from Bulgaria, Croatia, Israel, Finland and Latvia were not assigned to any single cluster with q i ≥ 0.900, but they were split into two or more clusters. Samples from Bulgaria, Croatia, Israel and Latvia were partially assigned also to the dog cluster IV, with q i ≥ 0.103. Five presumptive wolves from Bulgaria and three from Croatia were assigned to the dog cluster with individual q i ≥ 0.900. The mtDNA haplotypes of these samples joined the domestic dog mtDNA clusters named C1 and C2 in Randi et al. 2000) . These samples, which had their ancestry only in the dog gene pool, might be mislabelled as dogs. One sample from Croatia, one from Israel, nine from Latvia (a family of hybrid pups previously studied by Andersone et al. 2002) , two from Italy (which were previously studied by , were jointly assigned to the dog and to the wolf clusters, showing admixed ancestry. All the wolves sampled in Italy, including the two admixed individuals, showed the Italian wolf mtDNA CR haplotype (named W14 in Randi et al. 2000 ; see also . The admixed wolves from Croatia and Israel showed two mtDNA haplotypes, which were found also in other wolves sampled in eastern European regions. The family of hybrid pups showed a unique mtDNA CR haplotype, which was identical to a haplotype found in other wolves from Latvia (Andersone et al. 2002) . All these samples, which had their ancestry only in the dog cluster, or that were admixed with dogs, were excluded from the following analyses.
Population genetic diversity
A total of 181 alleles were detected at 18 microsatellite loci in wolves and dogs. Wolves showed 166 alleles in total (9.2 alleles per locus, on average), and dogs showed 143 alleles (7.9 alleles per locus, on average). Allelic diversity ranged from 2.4 alleles per locus in the Saudi Arabian wolves, to 6.8 in the samples from Greece-Bulgaria and Latvia (Table 3) . One hundred Italian wolves showed 4.4 alleles per locus, on average. The correlation between sample size and allele number was positive, but not significant (r = 0.19, P = 0.43; Z-test). Values of A C , estimated in samples with a minimum size of 19 diploid genomes, ranged from 3.4 (Italy) to 6.1 (Latvia) alleles. Each wolf population showed from two to six private alleles (with frequency f ≥ 0.01), except for the Italian wolves, which did not show private alleles. Private alleles, which are present at low frequencies in the studied wolf samples (the average frequency within populations of a private allele was f = 0.065, SD = 0.081), may be lost by drift during population bottlenecks.
Values of observed heterozygosity H O were in the range of 0.44 (Italy) to 0.71 (Latvia), and values of H E were in the range of 0.42 (Saudi Arabia) to 0.73 (Latvia). The average value of H E , estimated in the total sample, or in 20 random subsamples of 30 Italian wolves was 0.49 (SD = 0.02). Therefore, wolves from Italy showed the lowest number of alleles (adjusting for different sample size) and the lowest observed heterozygosity (independent of the sample size).
Hardy-Weinberg and linkage equilibrium
The value of F IS estimated over all loci and populations was significantly positive in wolves (F IS = 0.23; P ≤ 0.01), showing departures from Hardy-Weinberg equilibrium and suggesting a Wahlund effect, probably as a result of the pooling of genetically differentiated samples (Table 3 ). The average F IS was significantly positive in dogs (F IS = 0.24; P ≤ 0.01). All the local wolf samples showed H O values slightly lower than H E , and positive F IS values (except in the enclosed wolves from Saudi Arabia). The multilocus test showed that heterozygote deficit was significant (P ≤ 0.01) in wolves from Spain, Italy, Croatia and Greece-Bulgaria (Table 3) . Pairwise values of linkage equilibrium were significantly different from zero in 124 of 153 comparisons in wolves (P ≤ 0.01) but they were never significantly different in dogs. After adjustment of the nominal probability levels, we found, respectively, 11, four, four and one allelic combinations (involving different loci) that were not in linkage equilibrium in wolves from Spain, Greece-Bulgaria, Latvia and Italy (P ≤ 0.01). Wolves from Spain, which include individuals sampled from enclosures, Greece-Bulgaria and Turkey-Israel, which were pooled to avoid using low sample sizes, do not represent random samples of the wildliving local populations. In contrast, the wolves sampled from Italy are representative of the source population. The observed departures from Hardy-Weinberg equilibrium and linkage equilibrium suggest that wolves in Italy are not in mutation-drift equilibrium.
Divergence among wolf populations
Values of average multilocus F ST = 0.23 showed that genetic diversity was significantly partitioned among the eight wolf groups listed in Table 3 (P ≤ 0.01; amova). All pairwise F ST values (Table 4) , excluding Latvia vs. GreeceBulgaria, and Finland vs. Turkey-Israel, were significantly different (P ≤ 0.05).
The factorial correspondence analysis plotting of the individual scores showed that all wolves from Italy were distinct and grouped separately from all the other wolves (Fig. 2) . The Italian wolves were completely distinct from all the other wolves on the first factorial axis (FA-I, explaining 6.6% of the total genetic diversity), while the wolves from Spain were almost completely distinct from the other wolves on FA-III (explaining 2.6% of the total genetic diversity). The neighbour-joining tree of interindividual distances (1 − ps, the proportion of shared alleles; Bowcock et al. 1994) Table 3 ) clusters (Fig. 3) . The neighbour-joining identified six main clusters in wolves: Spain, Greece + Bulgaria, Saudi Arabia, Italy, Croatia, and a mixed cluster including wolves from Latvia, Finland and Turkey + Israel. Three individual wolves from Bulgaria were also included in this cluster. However, there was no bootstrap support to any of these clusters. structure (performed excluding all dogs and hybrids) showed that the wolf sample (n = 267) can be subdivided into six distinct clusters (not shown). Population and individual assignments to the clusters showed the same patterns reported in Table 2 . In particular, wolves from Latvia, Italy and Spain were assigned to three distinct clusters with q i ≥ 0.900. The other groups were assigned to geographically admixed clusters: Turkey with Israel and Finland, Bulgaria with Greece, Croatia with Saudi Arabia. All wolves from Turkey and Italy and almost all wolves from Spain were assigned to their respective clusters, while samples from the other locations were assigned to more than one cluster.
structure, factorial correspondence analysis and neighbour-joining procedures have different resolution powers. Factorial correspondence analysis and neighbourjoining are explorative methods, which are used to describe the extent of genetic diversification. In contrast, structure allows an identification of the number of distinct genetic clusters (based on likelihood), and a probabilistic assignment of the individuals to the clusters. Factorial correspondence analysis showed that Italian wolves form the most distinct group among all the studied samples. Results from neighbour-joining were concordant with structure, because both procedures identified seven main clusters, that is, dogs and six clusters of wolves. Garza & Williamson (2001) suggested that reliable M-values require sample sizes ≥ 25. Cornuet & Luikart (1996) suggested a minimum of 15 individuals for the Wilcoxon's test when 10 or more loci are available, and a minimum of 30 individuals in the mode-shift test. Therefore, for the bottleneck tests we used samples with n = 20, except for Finland (n = 13), and we excluded the captive populations. To avoid Fig. 3 Unrooted neighbour-joining tree computed by phylip using (1 − ps) genetic distances (Bowcock et al. 1994 ) among individual microsatellite multilocus genotypes. The dog and wolf clusters, and the main recognizable wolf clusters are indicated by a thick line or by ellipses (dotted). These clusters are not supported by bootstrap values larger than 50%.
Inference on past demography in the Italian wolves
biases because of unequal sample sizes, we used also 20 random subsamples each one of 30 wolves from Italy. Results from each subsample were evaluated independently.
The M-test did not indicate evidence of recent bottlenecks in wolf populations, except in the Italian sample (n = 103) and in each one of the random subsamples (n = 30), which showed values of average M significantly smaller than M C (P < 0.05), using ps = 90% or 95%, and θ = 5 or 10. Wolves from Croatia and Finland showed also significant values of the M-test (P < 0.05) using ps = 95% and θ = 5. None of the Wilcoxon's signed-ranks and mode-shift tests were significant, except for one replicate of Italian subsamples (one Wilcoxon's test with P < 0.05, and one shifted distribution). Thus, these procedures showed instances of population bottlenecks almost only in the Italian wolves.
The MSVAR procedure was used to analyse the total sample (n = 103) and 20 random subsamples of the Italian wolves (n = 30). We analysed also the samples collected from Croatia (n = 24), Bulgaria (n = 34), Latvia (n = 38) and Finland (n = 13), a group obtained pooling all eastern European wolves (n = 115), and a group including only wolves from the Balkan regions (Bulgaria, Greece, Croatia; n = 64). Five independent simulations for each sample showed concordant results, except in samples from Bulgaria, Latvia and Finland, which showed SD values of the 50% quantiles up to six times higher than in the other samples (Table 5) . Results showed that the 5% and 95% quantiles of the posterior distributions of the two demographic parameters log 10 (r) and log 10 (tf ) were smaller than the value of the priors ( Table 5 ). The posterior log 10 (r) distributions from the Italian wolf samples have 5% and 95% quantiles in the negative region of the plots, indicating a sharp population decline (Fig. 4a) . The 50% log 10 (r) quantiles were negative either in the complete sample set (n = 103) or in each one of the random subsamples of 30 Italian wolves (Table 5) . However, the sample size affected the posterior values: the estimates of population decline were higher in the subsamples (50% log 10 (r) quantile = −3.03) than in the total Italian wolf sample (50% log 10 (r) quantile = −2.09) ( Table 5) .
Posterior values of log 10 (tf ) were strongly positive, indicating an ancient decline of wolves in Italy (Table 5 ; Fig. 4a ). The sample size affected also the values of log 10 (tf ), indicating population declines more ancient in the subsamples than in the total Italian sample (Table 5) . A value of r = 0.008, computed as the antilog of the 50% quantile, indicated a 125-fold decline (range = 33.3 -500.0) in current (N 0 ) to ancestral (N 1 ) population size in Italian wolves. Population contraction started at ta = 15.8N 0 (range = 5.2-57.5) generations ago. Ciucci & Boitani (1991) suggested that 50% of the wolves are in the breeding pool in the Italian population. Thus, the effective size of the Italian wolf population at the most recent bottleneck could have been N e = 50 individuals, and N 0 = 100 (measured in chromosomes). However, genetic data suggested lower N e values. The observed mtDNA monomorphism in the Italian wolf population could have been generated by random drift during 120-160 years of isolation in a stable population with female effective population size N e f as low as 15 -20 (Randi et al. 2000) . If adult sex ratio is 1 : 1 (Ciucci & Boitani 1991) , N e f = 15 -20 corresponds to N e = 30 -40 and N 0 = 60 -80. The median quantile of the posterior distribution of N e (and the 5% and 95% quantiles) was N e = 283 (79 -475) using tm3.1 (with 20 000 updates and maximum population size of 500). The maximumlikelihood estimate was N e = 170, using mcleeps1.1 (with 1000 Monte Carlo replicates and maximum population size of 500). These estimates were obtained sampling the Table 5 Posterior distributions of the demographic parameters used in the MSVAR procedure (Beaumont 1999) , described by the 5%, 50%, 95% quantiles, with values of one standard deviation (SD) computed across five replicates
Italy ( (Table 5) .
The pooled wolf groups (eastern Europe, Balkans), which have sample sizes comparable to, or smaller than the total Italian wolf sample, did not show such strong signals of population decline (Table 5 ). The posterior values of the parameters indicate a 19.6-fold (range = 9.1-62.5), and a 9.8-fold (range = 4.4 -20.8) population decline, at ta = 0.46N 0 (range = 0.23 -0.85) and 0.74N 0 (range = 0.30 -1.90) generations ago in eastern Europe and Balkan wolf groups, respectively. Similar results were obtained from the Bulgarian sample, which has a size similar to the Italian wolf subsamples (n = 34). The 50% quantiles of log 10 (r) and log 10 (tf ) were lower than values computed from the Italian subsamples, and correspond to a 100-fold population contraction (with a very wide range = 14.5 -1000), at ta = 3.16N 0 (range = 0.85 -21.9) generations ago ( Table 5 ). The MSVAR simulations of samples from Croatia, Latvia and Finland apparently failed to converge and produced either unimodal or bimodal distribution of the parameters (Fig. 4b) .
Discussion
Mitochondrial and microsatellite DNA data showed that wolves in peninsular Italy have lower variability than, and are genetically distinct from, other wolf populations in Europe and elsewhere. Random drift can drive isolated populations to lose gene diversity and differentiate either through protracted demographic declines and/or strong bottlenecks. In this study we aimed to evaluate the likelihood of two scenarios explaining population decline and diversification across different timescales in wolves isolated in peninsular Italy. Wolves might have been genetically isolated in the Apennines: (i) thousands of years ago, as a consequence of the natural landscape changes caused by the last Pleistocene glaciation; or (ii) more recently, as a Fig. 4 Histograms showing the distribution frequency of the posterior values of the demographic parameters log 10 (r) (upper panels), and log 10 (tf ) (middle panels), and the bivariate plots of log 10 (tf ) vs log 10 (r) (lower panels), as computed by MSVAR (Beaumont 1999) . (a) Italian wolves (n = 103), (b) a sample of the bimodal distributions that were obtained in Croatian wolves (n = 24).
consequence of the human-caused deforestation and eradication of the species from the Alps, during the last few centuries. Results of the coalescent analysis (Beaumont 1999) of microsatellite genotypes provide evidence that wolves in peninsular Italy underwent a strong and longlasting decline in effective population size, thus supporting the first scenario.
A bottleneck test based on frequency distributions of microsatellite allele size (Garza & Williamson 2001) showed evidence of departure from mutation-drift equilibrium in wolves in Italy, but not elsewhere in Europe. The statistic M, which is used in this test, should achieve new equilibrium values rapidly, i.e. within a few hundred generations (Garza & Williamson 2001) . Thus, these results may describe the genetic consequences of the most recent human-caused decline of the wolf population in the central and southern Apennines during the last few centuries. In contrast, the bottleneck tests by Cornuet & Luikart (1996) did not show signals of population decline in any wolf population. The M-and H E -tests use different summary statistics to detect signals of population declines, and could have different powers to detect bottlenecks in different time windows. Moreover, the results of bottleneck tests are sensitive to sample size, number of loci used and the microsatellite mutation patterns.
Bayesian analyses of the microsatellite data support with high probability a pattern of strong population decline or isolation for wolves in Italy, which was much more ancient than a few hundred generations. Given the available data set, the assumptions of the model and the values of the priors, results suggest that the wolf population in Italy declined more than 100-fold in size during the last few thousand years. These results are incompatible with a single bottleneck in the last century. A population contraction at ta = 15.8N 0 generations ago would be congruent with historical information only if N 0 = 2 chromosomes, corresponding to one individual at the bottleneck event (i.e. 15.8 × 2 × 3 years generation time = 94.8 years). Also if it is assumed that wolves in the Apennines were effectively isolated for the last two to four centuries, as a result of the declining population in the Alps, we need to postulate extremely low effective population size of N e = 2-4 for centuries, which is extremely unrealistic. According to historical information (Zimen & Boitani 1975) , the most recent bottleneck was short (about 10 years, corresponding to about three wolf generations, from the 1960s to the early 1970s), and apparently not strong, because approximately 100 wolves survived. Census data (Ciucci & Boitani 1991 ) and mtDNA inference (Randi et al. 2000) suggest that a value of N e / N = 0.2-0.4 could be appropriate for the Italian wolves at the most recent bottleneck. However, demographic parameters of the Italian wolf population are unknown, and reliable estimates of N e cannot be obtained directly, using independent nongenetic data.
Results of coalescent simulations should be, however, interpreted with caution. We observed a sharp sample size effect on the posterior values of the parameters. A sample of n = 103 indicates a 125-fold decline in current to ancestral population size in Italian wolves, starting at ta = 15.8N 0 generations ago, which may correspond to about 2000 -4000 years ago. In contrast, random subsamples of n = 30 indicate a 1000-fold decline in N 0 at time ta = 79.4N 0 , corresponding to about 9000 -19 000 years ago (Table 5 ). The effect of the sample size for MSVAR is unkown, there is no study showing the pattern of correlation between sample size and posterior values of parameters. However, the results obtained using the smaller sample sizes further support a model of long-term population decline in peninsular Italian wolves. Explaining the observed distribution of microsatellite diversity in the current wolf population in Italy in terms of the most recent isolation (about one century) and bottleneck (about 100 individuals for about three generations), is certainly less likely than alternative scenarios suggesting more ancient isolation and/or bottlenecks. Wakeley (2000) showed that population subdivision into a large number of demes connected by migration increases the coalescence timescale of a genealogy. Coalescence times depend on the effective population size, which is affected by migration in fragmented populations. When migration rates are large, the population is effectively panmictic, and the history of the samples conforms to the standard singlepopulation coalescent. But, when migration rates are small, the coalescence times are much longer in fragmented than in panmictic populations of similar total effective size (Ray et al. 2003) .
The posterior values of the demographic parameters support estimates of population declines of about 10-to 100-fold in eastern European and Balkan wolf groups, and in the Bulgarian sample, from ta = 0.46N 0 to ta = 3.16N 0 generations ago. Assuming that the effective population size in eastern European wolves is at least one order of magnitude larger than in Italy, that is N 0 = 1000, population declines might date back to 1380 (in the eastern European group) or 9480 (in the Bulgarian wolves) years ago. However, these results may be biased by model assumptions. Beaumont's procedure assumes a closed unstructured population, which probably does not hold for the pooled groups (eastern Europe, Balkans), or for the Bulgarian wolves. Structured or open populations may show a pattern of decline simply because the allele coalescent times are longer in fragmented populations with migration (Wakeley 2000; Ray et al. 2003) . Population structure and migration would predictably inflate the estimated rates and times of population decline in Bulgarian and eastern European wolves. These conclusions support a scenario of comparatively stronger long-term population decline in populations from peninsular Italy than in other wolf populations in Europe. A signal of population decline generated by ancient geographical substructuring, arising from restricted migration, still lends support to a model of ancient isolation of the Italian wolves south of the Alps, also if the population has been demographically stable in the last thousands of generations.
A scenario of long-lasting isolation of wolves in the Italian Apennines is supported by multivariate morphometric data, showing that skulls from Italian Apennine wolves are sharply distinct from other Eurasian wolves (Nowak & Federoff 2002) . To stress the importance of the observed morphological diversification, Nowak & Federoff confirmed a distinct subspecific rank for wolves in peninsular Italy (Canis lupus italicus). This morphometric data set showed also that wolf and dog skulls do not overlap in the multivariate space, thus showing no apparent instance of hybridization. Morphometric and genetic results concordantly confirmed that the occurrence of wolf × dog cross-breeding is not frequent in Europe (Vilà & Wayne 1999; Randi et al. 2000) .
Conclusions
Wolves in the Apennines could have been, at least partially, genetically isolated from any other wolf population in Europe for some thousands of years, and not just for a few decades, as suggested by information on the species' historical distribution range. The Alpine ice caps at the last glacial maximum might have provided a geographical barrier that isolated wolves in refuge areas south of the Alps. Deglaciation and the expansion of extant ecosystems were completed only after the Younger Dryas cold spell (c. 10 000 years ago; Dawson 1996) . Thus, the admixture of wolf populations expanding from different glacial refuges could have been relatively recent. Moreover, the Po River, which cut the plain from the western Alps to the Adriatic Sea, was much more expanded during the last glaciation, because of the lower sea level and the presence of a north Adriatic land-bridge ( Fig. 1; Dawson 1996) . For thousands of years in the Holocene, the Po River basin was flanked by extensive flooded alluvial plains and marshes, which were partially drained only in the last 2000 years (Sereni 1961) . Admixture of Alpine and Apennine wolf populations could have been prevented also by deforestation and the concomitant eradication of wild ungulate populations, which were already widespread during the fifteenth century in northern Italy as a result of expanding sharecropping agricultural systems (Sereni 1961) .
The results of this study suggest that, despite the high potential rates of dispersal and gene flow, local wolf populations may not mix for long periods of time. Wolves from the Apennines are currently expanding, recolonizing parts of their historical range in the western Italian and French Alps . Meanwhile, from the east, wolves with distinct genotypes are moving from Slovenia towards the Italian border in the eastern Alps. It will be interesting to observe if and how wolves expanding from the west (bearing Apennine genotypes) and from the east (with Balkan genotypes) will mix during the ongoing process of natural recolonization of the Alps.
